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Introduction
Traditional windscreen technology for acoustic signals (above 20 Hz) has been based on a spherically-shaped, open-cell foam cover that is placed over the microphone. The intention is to cause the wind convection to lose speed in the foam, allowing the acoustic waveform to continue on to the microphone. For long wavelength infrasound signals, the open-cell foam windscreens would need to be very large, so the two most popular approaches are radial lengths of porous soaker hose dispersed on the ground or large grids of pipe arrays covering an equally large area. Both the porous hose and pipe array approaches cause the microphone to become an area sensor that spatially averages out the affect of the wind generated turbulence that causes acoustic noise that interferes with microphone performance (1) . The closed-cell foam approach reported experimentally in Shams et al. (2) and theoretically in Zuckerwar (3) is unique in that it is a windshield that prevents wind turbulence from reaching the microphone. These windshields place a closed wall between the microphone and the sound source. In so doing, the windshields attenuate the sound reaching the microphone to a significant extent; although, recent literature suggests little attenuation for cylindrical nonporous windshields (2) . NASA has developed an electret-based microphone that is presented as superior to the widely used microphone for infrasound from Chaparral Physics. Prototypes of this microphone have been fabricated for NASA by PCB Piezotronics, Inc. (PCB), and the microphone has a PCB part number (377M06) (5) . Specifications presented relative to the Chaparral Physics (Chaparral) Model 25 suggest that the NASA microphone performs well. The sensitivity is about the same as the Chaparral, while the noise floor seems to be better and the power consumption is much lower. Current reports show that the power required for the NASA microphone is 90 mW, while the Chaparral requires 480 mW. During our visit it was apparent that NASA was still conducting development of the power conditioner/supply for the microphone attempting to reduce power even further. The goal is to reach about 50 mW through the use of a more efficient Direct Current-to-Direct Current (DC-to-DC) converter. There was discussion about a variety of engineering tasks being conducted relative to improvements or additions to the microphone. Of course, the quality of the power provided to the sensor will establish the noise floor of the output signal. Noise generated by a DC-to-DC converter can directly impact sensor performance. A publication from 2008 suggests that this microphone was in existence at that time (6) . It appears that engineering changes are still being made to the existing microphone configuration. No actual price figures for the microphone have been made available nor has availability been predicted.
The next section describes the experimental configuration used to compare the windshields under laboratory conditions in an anechoic chamber. Section 3 presents results of the study and offers an analysis. The final section presents conclusions reached during the research.
Experimental Configuration
For the tests reported in this technical report, eight different windshields were compared, see Figures 1a through 1c show drawings of the experimental configuration used to investigate the effects of the various windshields. Figure 1a shows the relative position of the reference microphone, a Brüel and Kjaer (B&K) 4193 with low-frequency adapter UC0211, and the PCB microphone, model 377M19, when investigating the response of the PCB relative to the B&K. Figure 1b depicts the position of the B&K relative to the PCB in preparation for installing the windshields and figure 1c shows a windshield installed over the PCB microphone. Figure 1d is a photograph of an uncovered PCB microphone in the housing to which the windscreens were attached. Shown in figure 1e is one of the windscreens, H, used in the experiments as it was mounted to the microphone housing in figure 1d . A 0.46-m loudspeaker was positioned in the corner of the anechoic chamber at a distance of approximately 2.7 m from the microphones, which were resting on the floor of the chamber. The speaker was broadcasting broadband pink noise generated by an ACO Pacific, Inc. model 3024 signal generator. Both microphone signals were recorded by a 24-bit National Instruments PCI-4472 data acquisition card at a sample rate of 1 kHz. The only filtering applied to the microphone signals was the internal anti-aliasing filters in the National Instruments board. Throughout the experiments, the B&K microphone was used as the reference. Figures 2a and 2b show the magnitude and phase, respectively, of the frequency response of the PCB as compared to the B&K. The magnitude and phase shown in figures 2a and 2b were recorded with the face of the B&K microphone positioned 3 mm (blue) and 10.5 cm (green) above the face of the PCB with no windscreen present. Figure 2c depicts the coherence between the PCB and B&K microphones for each of the scenarios in figures 2a and 2b. Throughout most of the 0-to 250-Hz frequency range, the microphones are coherent with minor decreases in coherence at roughly 10, 155, and 240 Hz. Below approximately 1 Hz, the coherence between the two sensors decreases significantly so the minimum valid frequency of this study will be limited to 1 Hz. Small spectral deviations of the PCB from the B&K may be due to slightly decreased coherence, which may be an artifact of the chamber not being anechoic below 150 Hz. The plots in figure 2 demonstrate that the PCB and B&K microphones return nearly identical spectra until a frequency of approximately 100 Hz. The best agreement between the microphones occurs below 50 Hz.
Thus, subsequent discussions of the PCB and B&K transfer functions with windshields present will be restricted to a maximum frequency of 50 Hz. The transfer functions in figure 2 were created using a frequency resolution of 0.5 Hz with a 50% overlap which resulted in 19 averages per transfer function. The transfer functions were calculated by dividing the cross power spectral density of the two microphones by the power spectral density of the B&K. The cross-power spectral density is defined as
where R xy (m), the cross correlation, is the expected value of the signal x n+m and the complex conjugate of the signal y n for -∞<n<∞. The calculation of the transfer functions was done using the MATLAB, * Signal Processing Toolbox function "tfestimate" (7) . This function returns a complex transfer function, from which the magnitude and phase are then calculated. This method was used for all transfer functions shown in this report. 
Results and Analysis
The magnitudes (a) and phases (b) of the transfer functions shown in figure 3 were taken with each of the windshields in table 2 installed on the PCB microphone housing. Above 20 Hz, the magnitudes of the transfer functions consistently show a decrease in interior sound level, relative to the B&K, from 30 to 60 dB across the frequency range shown regardless of windshield density or thickness. Below 20 Hz, however, the transfer functions shift up or down (this is most noticeable at frequencies below 5 Hz) depending on windshield density and thickness with the overall trend being shifts toward greater attenuation as the density and thickness increase. Above 5 Hz, all of the windshields show a greater than 20-dB attenuation of the sound level relative to the exterior of the windshield. Below 5 Hz, all of the transfer functions show an increase in the interior sound level. However, contrary to Shams et al. (2) and Zuckerwar (3), all but windshield G still show some attenuation. In all of the windshields, the passage of sound through the foam creates a significant change in phase relative to the B&K for all frequencies in the figure. Figure 4 shows the magnitude of the transfer function (PCB spectrum divided by B&K spectrum) and the phase difference between the PCB and B&K microphones with windshield A installed. Also shown in figure 4 is the effect of incrementally opening the pressure relief valve, see figure 1e. As the valve is opened in steps of two turns, the magnitude of the transfer function, figure 4a, increases from less than 20 dB down relative to the B&K, at frequencies below 5 Hz that is equivalent to the no windshield case (solid blue line). Above 5 Hz, the magnitude of the fully open case decreases until it overlaps the magnitude of all of the other cases at roughly 40 Hz. As the valve is opened, the phase shown in figure 4b changes from an erratic, noisy behavior with the valve closed to a smooth curve transitioning from nearly in-phase with the B&K to roughly 150° lagging the B&K with the valve fully open (12 turns). The curves in figure 4 imply that as the valve is opened, it becomes the primary acoustic path at frequencies below 40 Hz. Because it is clear that some sort of pressure relief is necessary, an attempt was made to isolate the mouth of the pressure relief pipe by placing an approximately 9 m length of Tygon * tubing on the end of the pipe. This was done and a transfer function was taken with the tubing coiled next to the PCB housing inside the anechoic chamber. The transfer function was then repeated with the mouth of the tubing in the antechamber of the anechoic chamber and again with the mouth of the tubing in the hall. The results of these tests are shown in figure 6 . In the magnitudes of the transfer functions shown in figure 6a , the addition of the tubing to the opened pressure relief system has the effect of reducing the influence of the valve and tube in all cases. With the tubing coiled inside the anechoic chamber, the transfer function consistently matches the closed-valve case after roughly 35 Hz. With the mouth of the tubing either outside the room or in the hall, the transfer functions become consistent with the closed-valve case after approximately 20 Hz. The phases of the transfer functions with the tubing installed are erratic but tend to reproduce the slope of the closed-valve case over most of the frequency range. The installation of the tubing appears to have removed some of the influence of the pressure relief * Tygon is a registered trademark of Saint-Gobain Performance Plastics Corp.
system, but it has likely added a secondary complication in that sound appears to be entering through the wall of the tubing during both cases where the mouth of the tubing was external to the anechoic chamber. Long-term tests of the stability of the microphone-windshield system under thermal variability and the effect of wind on the open pressure relief valve could not be studied for this report. In addition, variability in the magnitudes and phases of the transfer functions across windshields of the same density and thickness could not be investigated, the results of which would illuminate the potential degradation in array performance due to large windshield-induced phase differences across the elements in an array. Research regarding thermal stability and wind effects on the pressure relief valve will be conducted. Further research will also involve a study of the change in signal-to-noise ratio with and without the windshield under realistic conditions.
Conclusions
PCB and B&K microphone measurements of pink noise in an anechoic chamber have demonstrated that the PCB and B&K microphones are within 1 dB of each other at frequencies up to 250 Hz when the diaphragms are within 3 mm of one another and that the microphones are within 1 dB of each other up to 50 Hz when separated by 10.5 cm. Pink noise measurements with various spherical, closed-cell polyurethane windshields installed between the PCB and B&K microphones demonstrated attenuation of the acoustic signals reaching the enclosed PCB of greater than 20 dB. In addition, significant phase shifts from the external microphone have been shown for all of the windshields tested here. Opening of the pressure relief valve has shown that, as it is opened, the valve becomes the dominant acoustic path below 35 Hz with an accompanying large phase shift of the sound reaching the PCB. Efforts to restore the windshield as the dominant acoustic path to the PCB while retaining the pressure relieving capabilities of the valve were unsuccessful.
The overall conclusion is that the NASA-developed PCB microphone is a low-power, instrument-grade, microphone that appears to be equivalent in performance to conventional infrasound microphones, based on the limited testing performed for this report. The NASA developed windshield concept is a unique approach to reduce the sensor footprint that might offer the potential to place an infrasonic microphone on an aerostat at altitude to get it above low level winds and ground impedance, which would be a new capability. However, the extremely large reduction in signal levels reaching the enclosed microphone would significantly reduce the detection range of infrasonic sources. Based on this information, the closed-cell foam windshield technology, subsequent to the results reported in this report, does not perform well enough to be a replacement for currently utilized porous hose windscreens given the operational requirements of deployed infrasound listening arrays. 
